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Background
Recently, we face many environmental issues, for example global warming, energy problem and drain of oil resource, etc. To be solved these issues, improvement of mechanical systems are required. Although mechanical structures such as radiation fin of heat exchanger were improved, the increase in the thermal efficiency is limited by improvements of the fins. New materials, therefore, which have a high thermal conductivity, good lightweight property and a high strength, are developed to resolve this problem. Carbon nanotubes (CNT) [1] and the vapor growth carbon fibers (VGCF), as a kind of CNT are paid attention on their good mechanical properties, such as electrical conducting properties, and thermal conductivities. Some researchers have paid attention to the VGCF/Al composites and reported their thermal conductivity of the composites [2] [3] [4] . Hjortstam et al., [2] investigated possibility of fabrications of functional composites containing CNT. Ozawa et al. [3] , for example, studied the thermal conductivity of the fiber reinforced metals (FRM) that have metal matrix such as aluminum (Al). They showed that the composite materials have a high thermal conductivity. Authors reported VGCF/Al composites that have very high thermal conductivity over 700 W/mK [4] . However, the mechanical property of the composites has not been studied yet. For practical application of the composites, the mechanical property of the composites should be clarified. This paper conducted both experimental and theoretical investigations on the strength of the VGCF/Al composites.
Methods
VGCF/Al composites are produced using spark plasma sintering. Pure aluminum powder added 10wt% Al-12%Si is chosen as the matrix and they were made by air atomize method. The reason of the addition of Al-12%Si is for the improvement of interfacial bonding between the matrix and VGCF. The volume fractions of the VGCF are 0~30% and the alignments of the VGCF are controlled. The stress-strain relation of the composites were measured by pure tensile tests. The tensile tests were conducted at 20˚C with the crosshead speed of 0.3mm/min until the specimens failed.
The tensile direction is the axial direction of VGCF. Stresses are measured by a load cell and strains are measured by both a strain gauge and an extensometer. The deformation behavior of the composites shows that there are nonlinear regions in the stressstrain relation under the strain of 0.5% as shown in Fig. 2(b) (to be explained later). These nonlinear stress-strain relation can be obtained in the case of particle dispersion materials. Zhao et al. [5] simulated this elastic behavior using Eshelby model, modified Mori-Tanaka model [6] , and Weibull model. In this study, simulations of the stress-strain relations were conducted using modified Zhao's delamination model by employing Ramberg-Osgood's law to consider the plastic deformation of the aluminum matrix. Fig. 1 shows the microstructure of the composite. Fig. 1(a) shows a microstructure after the tensile tests. It can be seen some delamination in the composite. Fig. 1(b) shows schematic figure of the microstructures of the composites The elastic coefficient matrix C of the composite can be expressed by the following equation.
where A and B are given by Eqs. 2 and 3.
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In the above equation I is unit matrix, S vf and S vm is the Eshelby tensor of the delamination of VGCF and matrix, and C f and C m are the elastic coefficient matrix for VGCF and matrix. f f , f vf , and f vm are volume fraction of bonding VGCF, debonding VGCF, and debonding matrix. The stresses of matrix M σ is expressed by the following equation. 
where H 0 and n are the scale of the plastic strain and the strain hardening parameters of matrix, respectively.They are called plastic deformation parameters here.
Results
Fig . 2 shows results of the pure tensile tests. Fig. 2(a) shows the stress-strain relation until specimen failed. It is found out from Fig. 2(a) that the tensile strength and the elongation dramatically decrease with increase in the volume fraction of VGCF. The reason of the brittleness of the composites is the weakness of interfacial bonding between the matrix and VGCF. Fig. 2(b) shows the stress-strain relation in the small strain region up to 0.5%. It can be seen that the stress-strain relations of the composites divided into two or three regions. The calculated stress-strain relation showed by symbols in Fig. 2(b) well coincide with the experiments. Fig. 3 shows relationship between initial volume fraction of debonding matrix (f vm0 ) and volume fraction of VGCF. The solid line in Fig. 3 shows linear approximate equation of the Weibull parameter using the least square method. Fig. 3 shows the void in the matrix increases with increase volume fraction of VGCF. 
Conclusions
This paper investigated the strength of the VGCF/Al composites having very high thermal conductivity by both experiments and simulations. The simulations were conducted employing Eshelby model, Mori-Tanaka model, Weibull function, and Ramberg-Osgood's law. As a result, the following conclusions were obtained.
(1) The VGCF/Al composites showed brittleness because of the delamination of the interface between VGCF and matrix.
(2) The stress-strain relations of the composites were nonlinear and divided into two or three regions. (3) The stress-strain relation of the composites could be well simulated considering the voids in the matrix and plastic deformation. (4) The Weibull parameter shows that the improvement of the interface between matrix and VGCF should be conducted for less brittleness of the composites.
